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Four mined samples of natural uranium from northern Nigeria were studied through inductively coupled 
plasma mass spectrometry, at the Environmental Analytical Chemistry Laboratory, University of the 
Witwatersrand, Johannesburg. The samples were characterised for lead, thorium and uranium isotopic 
concentrations, isotopic ratios and age. The objective was to obtain nuclear forensic fingerprints as 
baseline data to add to the Nigerian National Nuclear Forensic Library. Results showed significant 
variation in the isotopic concentrations of lead, thorium and uranium across the mines. Isotopic ratios 
of 238U/235U, 235U/238U and 234U/238U across the sample of 137.881±0.007, 7.253×10-03±2.05×10-04 
and 5.540×10-05±4.08×10-07 were found to be consistent with the natural values. The age of natural 
uranium is comparable to the age of earth. Uranium, lead, and thorium isotopic concentrations and ratios, 
as well as the age of the samples characterised, provide an isotopic profile that can be used for nuclear 
forensic application. 

Significance:
• Given the abundant deposits of natural uranium in Africa and the consequent potential for nuclear

insecurity, determining the isotopic profiles and signatures of natural uranium is important for application
in nuclear forensics.

• Isotopic concentrations of 232Th, 238U, 235U and 234U from the respective sampling sites differed significantly,
thereby providing characteristic isotopic profiles.

Introduction 
Nuclear forensics operates on the premise that some measurable parameters in nuclear materials provide 
signatures according to their geological origin for identification purpose.1-3 ‘Nuclear forensics is the examination 
of nuclear or other radioactive material, or of evidence that is contaminated with radionuclides, in the context of 
legal proceedings under international or national law related to nuclear security. The analysis of nuclear or other 
radioactive material seeks to identify what the materials are, how, when, and where the materials were made, and 
what their intended uses were.’2,4 Successful studies have been reported across the globe on many samples of 
materials that are nuclear and radioactive in nature, yielding signatures such as uranium isotopic compositions and 
ratios, and impurities of elements such as lanthanides (rare earth elements), lead (Pb), strontium (Sr), sulfur (S) 
and neodymium (Nd).5-9 However, data on Africa – a continent that is well endowed with natural uranium – are still 
scarce; hence, the present study is pertinent.10 

Natural uranium, which is radioactive, is mined and processed to obtain uranium ore concentrate or yellowcake, 
which is further transformed into nuclear fuel elements, used in research reactors and power reactors for electricity 
generation.2,11 The database of the International Atomic Energy Agency on unlawful trafficking12 includes many 
events of peddling in inferior nuclear materials containing natural uranium. For instance, in recent years, 400 of 
3068 incidents involving depleted, natural or low-enriched uranium, were included in the Incident and Trafficking 
Database of the International Atomic Energy Agency, through the application of nuclear forensic science.2-4,12 
Keegan et al.13 reported a small glass jar labelled ‘Gamma Source’ discovered by police in a clandestine drug 
laboratory in Australia, 2009. After extensive nuclear forensic analysis of the material, Keegan et al.13 found it 
to be most likely from Mary Kathleen, a defunct Australian uranium mine. Nuclear forensic science is used to 
characterise various uranium samples and obtain nuclear fingerprints to enable the tracing of their origins. 

The isotope system of uranium is special: of its 25 known isotopes which have a mass range of 217–241u6, only 
238U (t1⁄2=4.468×109 y; 99.274%), 235U (t1⁄2=7.038×108 y; 0.7204%) and 234U (t1⁄2=2.455×105 y; 0.00548%) 
are naturally occurring at significant concentrations.7,14,15 The decay series nuclides of uranium and thorium have 
characteristics and chemical affinities applicable to a wide range of processes.1,4,16 They have half-lives that are 
proportional to their equilibrium abundances, while the short-lived progenies exhibit low concentrations with very 
great isotope ratios.16 For instance, the concentrations of 232Th and 238U are available in ppb to ppm while those of 
234U and 236U can be as low as ppt for ores of granitic origin.2,17,18 

The natural compositions, concentrations and ratios of uranium, thorium and lead isotopes have proved 
to be viable signatures in nuclear forensics.3,8 In addition, when the isotopic ratios 234U/238U and 235U/238U are 
simultaneously analysed, nuclear and radioactive materials that contain uranium from various geological origins 
can be distinguished.19-21 Until very recently, there was an assumption that the isotopic ratios 235U/238U and 234U/238U 
of terrestrial materials are constant (7.25×10-5 and 5.48×10-7, respectively). However, using modern analytical 
procedures, the ratios now show variations in different geological materials of 1.3%.2,7,13,22 Recent nuclear 
forensic investigations on natural uranium and uranium ore concentrate samples showed that uranium isotopic 
compositions, isotopic ratios and age, among other parameters, are key nuclear forensic signatures that can 
be used to identify materials.3,10,23 Bopp et al.24 studied uranium samples from both low- and high-temperature 
deposits and concluded that during the low-temperature redox transition, 238U/235U fractionation occurred, which 
is the phase transition of isotopes from a lighter to heavier isotope, which results in higher ratio values. Brennecka 
et al.7, on the other hand, studied 235U/238U ratios of uranium ore concentrate samples in order to relate observed 
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variations in 238U/235U to the U mineralisation mechanism in the main 
ore. They found that 235U/238U fractionation occurred following redox 
transformation of uranium from U(VI) to U(IV) at low temperature, giving 
uranium ore concentrates originating from low-temperature redox type 
deposits a unique 235U/238U ratio. 

We used a modern analytical (destructive) technique, inductively 
coupled plasma mass spectrometry (ICP-MS), to measure and establish 
the isotopic profiles of samples of natural uranium from the northern part 
of Nigeria. Our aim was to obtain baseline data for application in the area 
of nuclear forensic science. 

Materials and methods 
Study site and investigated samples 
Four open pit samples of natural uranium in rock form were investigated. 
The vein-type, high-temperature magmatic, granite-related uranium 
deposit25,26 samples were collected from the northern part of Nigeria 
(Figure 1). The samples were collected according to the uranium ore 
sample collection standard at the following uranium mining sites: 
Riruwai (a pyrochlore in peralkaline granite uranium of average grade 
540 ppm), Mika (two locations – Mika-I and Mika-II – of pitchblende-
rhyolite mineralisation of grade 215 ppm) and Michika (brecciated, 
silicified and mylonitised rocks of average grade 2000 ppm). The sample 
sites were chosen based on their geology and mineralisation, following 
previous prospecting of uranium in the sampling locations.27-33 About 2 
kg of natural uranium rock samples, obtained by means of chisel and 
mallet, from each pit mine site, were placed in a zip-locked plastic bag to 
avoid contamination. The samples were collected between 11 February 
and 3 March 2018, at a depth ranging from 1.3 m to 5.9 m. The collected 
samples were then kept in a safe location for a short time and transferred 
to the Environmental Analytical Chemistry Laboratory (University of the 
Witwatersrand, Johannesburg, South Africa) for measurement and 
analysis. 

Figure 1:	 Map of Nigeria showing the uranium mining sites where 
samples for this work were collected. 

Instrumentation and measurement 

Sample preparation for ICP-MS 
The ICP-MS analytical method requires that samples for measurement 
be presented in liquid form or as an aerosol matrix. The rock crusher and 
milling devices located at the Geosciences Laboratory (University of the 
Witwatersrand), were used to process the natural uranium samples into 
a soluble fine powder. 

A digital microwave digestive device was used to dissolve the milled 
natural uranium samples under conditions of high pressure and 
temperature. Microwave preparation of samples under such conditions 
presents benefits such as complete sample dissolution using 
hydrofluoric and nitric acids. It also improves detection limits due to 

the use of a lower sample to solution ratio and prevents volatilisation of 
certain elements through use of high pressure. 

A quick test for the presence of silica was done, as silica can form 
precipitate during sample preparation and tends to absorb the elements, 
making it difficult for their detection by ICP-MS. Silica can also affect 
the nebuliser, by making it difficult for the sample to get into the plasma 
for the process of isotope measurement. The milled samples (~0.5 g 
each) were placed in Teflon heating containers. Concentrated solutions 
of HNO3 and HCl in volumes of 1.0 mL and 4.0 mL, respectively, were 
added followed by H2O2 in drops to a volume of 0.5 mL. After sample 
pre-digestion, each container was tightly sealed and placed on a rotor in 
the microwave. The microwave unit was set to a method ASTM D4 309 
(half-scale): 4 vessels, 9.0 mL sample per vessel with a temperature of 
180 °C and 90% (10.13 kPa) pressure then powered-on for a maximum 
period of 50 min. The cooled digested sample solutions appeared to 
be very clear without silica precipitate, implying that silicates were not 
present in the samples in a quantity that required further action using 
hydrofluoric acid to remove the silicate. 

ICP-MS analysis
An ICP-MS device (Agilent 7700, Agilent Technologies, Inc., Santa 
Clara, CA, USA), was used to analyse the samples. Table 1 presents 
the summary of the set-up parameters for optimised equipment usage. 

Table 1:	 Set-up parameters for the inductively coupled plasma mass 
spectrometry device used in natural uranium sample analysis 

Parameter Value 

Radiofrequency forward and reflected power 1550 W; 14 W 

Plasma mode and gas flow Normal, robust; 1000 mL/min 

Flow rate of auxiliary gas 1000 mL/min 

Flow of carrier gas and pressure 1000 mL/min; 740.5 kPa 

Sampling depth 8 mm 

Cones Nickel 

Cell gas Argon 

Spray chamber temperature 2.0 °C 

Type of detector value Dual mode 

Integration time 100 𝜇s 

Replicate per sample 2 

Mode Collision mode 

Both the prepared and blank samples, the calibration standards (5 ppb, 
20 ppb, 50 ppb, 100 ppb, 500 ppb, and 1000 ppb) with samples for 
quality control (20 ppb and 100 ppb) were all put into the auto-sampler 
for ICP-MS analysis. The tubes of the device were cleaned using a nitric 
acid solution to avoid washing of residual memory, usually done before 
placement of samples in the device. The tubing cleaning process was 
repeated after each sample measurement, to avoid cross-contamination. 
The process is automatic and computerised. The control was performed 
on the computer system via installed software (ICP-MS MassHunter 
Workstation for running Agilent 7700 series). The analysis produced 
results for various isotopes, which were then analysed further. Additional 
details of the experimental analysis can be found in John et al.33 

Results 
Uranium isotopic concentration 
Concentrations of 238U and 232Th, which are the most stable and abundant 
of the isotopes, were obtained through ICP-MS analysis. As the isotopic 
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concentration of uranium in nature is constant (the relative percentages 

being 99.2745%, 0.7204% and 0.00548% for 238U, 235U and 234U, 

respectively), isotopes 235U and 234U were determined by Equation 115,34: 

	 Equation 1

where and are the respective concentrations of isotopes 235U and 238U. In 

the same way, the value for isotope 234U was obtained where isotope 235U 

was replaced by 234U alongside the value of its percentage composition. 

A summary of the results of uranium and thorium concentrations for 

the various locations is presented in Table 2. From these results, the 

concentration range of 232Th for the entire samples, 0.055±0.006 to 

5.410±0.318 ppm, was below the average crustal concentration range 

for 232Th, which is 8–12 ppm.35 

Two concentrations obtained for the uranium isotopes were lower than the 

average crustal concentration (2–3 ppm 238U): Riruwai (1.318±0.049 

ppm) and Mika-I (0.084±0.003 ppm). However, the concentration of 

uranium isotopes from Mika-II (73.965±1.371 ppm) was far higher than 

the world average, while that for Michika (7.854±0.293 ppm) was close 

to the world average. 

235U and 234U concentration ranges across the sample locations 

were 0.001±1.9×10-5 ppm to 0.536±0.009 ppm and 3.384×10-

8±1.0×10-9 ppm to 2.972×10-5±5.5×10-7 ppm, respectively. Lower 

and higher concentrations obtained were both from Mika-I and Mika-II. 

Possible factors contributing to errors in values reported in this study 

could be sample inhomogeneity, uncertainty calculations with respect 

to uranium isotope composition, and uncertainty of weighing. However, 

due to the method used – ICP-MS involving isotope dilution or calibration 

curve – uncertainty was reduced to the lowest possible. 

Figure 2 presents the variable isotopic concentration of radiogenic lead 

in this study. Its presence in samples in differing amounts from both 

primordial and radiogenic lead depends on geological age and uranium/

thorium content. The Riruwai sample had the highest concentration of 

radiogenic lead while the Michika sample had the lowest. A range of 

0.004±0.001 ppm to 4.447±0.322 ppm was found for all the samples. 

These measured lead isotope values were further used to determine the 

age of the samples. 

Figure 2:	 Lead (Pb) isotopic concentration (mg/kg or ppm) of samples 

obtained from the four study sites. 

Isotopic concentration ratio 

The natural isotopic ratio and variation of uranium and thorium is a 

characteristic profile used to trace the origin of a uranium-bearing 

material.2,13 The isotopic ratios considered in this study were 238U/235U 

and 235U/234U together with 235U/238U and 234U/238U. The 232Th/238U isotopic 

ratio was also determined. 

The isotopic ratios 238U/235U, 235U/234U, 235U/238U together with 234U/238U 

were determined from concentration values (ppm) measured by ICP-MS 

and are presented in Table 3. The 238U/235U isotopic ratio obtained in this 

study is 137.881±0.007 and it shows no significant variation across 

the sample locations, but equals the constant value for natural uranium 

under the solar system, which is 137.88.22,36,37 The 235U/234U isotopic 

ratio yielded a value of 130.911±0.290, and also shows no significant 

variation across the samples, but is comparable with that reported by 

Brennecka et al.7 within the world’s range value of 83.63–164.17, from 

different geochemical environments. The standard value for the isotopic 

ratios 235U/238U and 234U/238U and their variability are well known as 

7.253×10-3 and 5.502×10-5, respectively.6,38 The values determined 

in this study are 7.253×10-3±2.05×10-4 and 5.540×10-5±4.08×10-

7, which are identical to the standard values, although there was no 

significant variation across the sample locations. The data on uranium 

isotopic ratios 238U/235U and 235U/234U from this study were compared 

with those from other parts of the world, as illustrated in Figure 3a and 

3b; they were found to be consistent and comparable with the reported 

values.7,13,38,39 

Table 2:	 Measured and determined isotopic concentrations of thorium and uranium 

Sample location 232Th (ppm)  238U (ppm) 235U (ppm) 234U (×10-05) (ppm) 

Riruwai 5.410 ± 0.318 1.318 ± 0.049 0.009 ± 0.0001 0.053 ± 2.0×10-08 

Mika-I 0.055 ± 0.006 0.084 ± 0.003 0.001 ± 1.9×10-05 0.0034 ± 1.0×10-09 

Mika-II 0.159 ± 0.003 73.965 ± 1.371 0.536 ± 0.009 2.972 ± 5.5×10-07 

Michika 0.061 ± 0.002 7.854 ± 0.293 0.057 ± 0.002 0.316 ± 1.2×10-07 
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Figure 3:	 Comparison of uranium isotopic ratios (a) 238U/235U and (b) 
235U/234U from our study sites and other parts of the world. 

Uranium age determination 
Daughter-parent isotopic ratios (206Pb/238U, 207Pb/235U and Pb-Pb) 
were used to determine the age of natural uranium samples in units 
of mega-annum (Ma). Table 4 presents values of the ratios 206Pb/238U, 
207Pb/235U and average age determined. Table 4 shows variable ranges of 
0.008±0.002 Ma to 2.095±0.375 Ma for 206Pb/238U, 0.0105±0.003 Ma 
to 2.653±0.271  Ma for 207Pb/235U and 29.4±0.009 Ma to 4280 ± 
0.046 Ma for average age. The equation for the law of basic radioactive 
decay and its derivative, Equation 2, were used to determine the age of 
natural uranium material40-42: 

	 Equation 2

where t is the time or age of 206Pb/238U and 207Pb/235U, R is the isotopic 
ratio of daughter-parent (206Pb/238U and 207Pb/235U), β is the factor that is 
composed of decay constants of the daughter-parent nuclei  and K is the 
isotopic decay ratio . 

Table 4:	 U-Pb isotopic ratio and average age of measured natural 

uranium samples 

Sample location 206Pb/238U 207Pb/235U Age (Ma)

Riruwai 1.552 ± 0.332 1.962 ± 0.076 3550 ± 0.021

Mika-I 2.095 ± 0.375 2.653 ± 0.271 4280 ± 0.046

Mika-II 0.013 ± 0.027 0.016 ± 0.026 49.3 ± 0.005

Michika 0.008 ± 0.002 0.0105 ± 0.003 29.4 ± 0.009

From the results, Mika-I has an age of 4280±0.046 Ma, as for younger 
granite, while Michika has an age of 29.4±0.009 Ma and is the youngest, 
yielding an age difference of 4250.6±0.038 Ma. The mean age of all 
the samples was 1978.2±0.019 Ma. The age of natural uranium is a 
reflection of the presence of radiogenic lead: 206Pb/238U isotopic ratio 
and age of material are significantly correlated, with a correlation 
coefficient of 0.997 and a p-value of 0.00286. In addition, Figure 4a 
shows a regression curve fit with R2 = 0.9998, implying that there was a 
significant correlation between the variables, which was not by chance. 
Hence, the variation in the age of the investigated natural uranium 
samples with half-lives of t1⁄2≈4500 Ma of 238U and t1⁄2≈704 Ma of 235U, 
shows that some fractionation occurred over the period. In addition, 
a negative correlation was observed between uranium concentration 
and age of the material. Mika-I and Mika-II samples showed an age 
difference of 4230.7±0.062 Ma due to the differences in mineralisation, 
geochemical formation, homogeneity of rock and concentration from the 
strong correlation of U-Pb in materials as well as possible error from 
determination of the isotopic ratio. In addition, Figure 4b–d shows the 
U-Pb discordia and Pb-Pb isochron for the four investigated samples.

Discussion 
Characterisation of natural uranium to obtain isotopic profiles and 
signatures for nuclear forensic application in support of nuclear security, 
safeguards and non-proliferation, is increasingly becoming important 
and of global interest.2 Given the abundant deposits of natural uranium 
in Africa and the consequent potential for nuclear insecurity, providing 
isotopic profiles and signatures of natural uranium, especially its nuclear 
content, isotopic ratio and age, has application in nuclear forensics, by 
providing a database for reference. 

Table 3:	 Uranium concentration isotopic ratios of the natural uranium samples 

Sample location 238U/235U 235U/234U 235U/238U 234U/238U

Riruwai 137.881 ± 0.007 130.911 ± 0.290 7.253×10-03 ± 2.05×10-04 5.540×10-05 ± 4.08×10-07

Mika-I 137.881 ± 0.075 130.911 ± 0.086 7.253×10-03 ± 6.33×10-04 5.540×10-05 ± 3.33×10-07

Mika-II 137.881 ± 0.008 130.911 ± 0.360 7.253×10-03 ± 6.56×10-04 5.540×10-05 ± 4.01×10-07

Michika 137.881 ± 0.006 130.911 ± 0.228 7.253×10-03 ± 6.83×10-04 5.540×10-05 ± 4.15×10-07
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Figure 4:	 (a) A regression curve fit for the correlation of the 206Pb/238U 
isotopic ratio with determined age of the natural uranium 
samples. (b) U-Pb discordia graph for the parent-daughter 
isotopic ratios (206Pb/238U and 207Pb/235U) of the samples. (c) 
Pb-Pb isochron diagram (for the 207Pb/204Pb and 206Pb/204Pb 
isotopic ratios) defining an isochron of 4405±0.052 Ma for 
the four samples of natural uranium from northern Nigeria. (d) 
Pb-Pb isochron diagram (for the 208Pb/204Pb and 206Pb/204Pb 
isotopic ratios) defining an isochron of 4368±0.027 Ma for the 
four samples of natural uranium from northern Nigeria.

The concentration ranges of uranium and thorium at various sites were 
below the crustal values, except at Mika-II and Michika. This, therefore, 
forms the basis for identifying the samples as having concentration 
values lower than the average crustal concentration in ppm. The high 
and low concentration values of the radioactive elements (uranium and 
thorium) in natural uranium samples measured are comparable with 
those reported previously.8,34,36 Only small amounts of 204Pb were present 
in all the samples, as shown in Figure 2 – an indication of minerals rich 
in uranium/thorium. 

Comparison of the data in Table 3 and Figure 3 for the uranium isotopic 
ratios 238U/235U and 235U/234U for the four samples gave a correlation 
coefficient of -0.775 and p-value of 0.225, implying that there is no 
significant relationship between any pair of the ratios. There was no 
significant difference between the various sample locations. Isotope 
concentration ratio of 235U/238U together with 234U/238U showed no 
significant variation across the various mines, with a correlation 
coefficient of -0.829 and p-value of 0.171 implying that there is no 
significant relationship between any pair of the isotope ratios. Thus, the 
invariant uranium isotopic ratios determined in this study can serve as 
supplementary information to characterise the natural uranium found in 
the study area. 

In the decay series U-Th-Pb, analysis of daughter-parent isotopic ratios 
of 206Pb/238U, 207Pb/235U and 232Th/208Pb alongside the Pb-Pb isochron 
is useful in determining the fingerprint and age of uranium-bearing 
material. The parameters were measured and determined in this study. 
The actual 235U/238U, 206Pb/238U and 232Th/208Pb ratios present at the time 
of formation of the geological structure of the ore when uranium and 
thorium were fastened into the mineral deposit, indicate the presence 
of radiogenic isotopic vector. Hence, some geological age information 
of the deposit can be determined through isotopic composition of the 
decay-generated lead. The isotope system of 206Pb/238U, 207Pb/235U and 
Pb-Pb were used in this study, considering the decay system 238U → 
206Pb, 235U → 207Pb and 232Th → 208Pb plays a key role in long- and short-
range chronometers. Ages of the samples in this study are comparable 

to the age of the earth, 4543 Ma43, determined through radioactive decay 
chronometry and other related studies44,45. The Pb-Pb isochron (Figure 
4c and 4d) presents a compatible age value to that of the earth, which 
correlates well with other U-Pb methods used. The highest age (of the 
Mika-I sample) was less than the age of the earth by 263 Ma, while 
the lowest age (of Michika) differed by 4513.6 Ma. The age variation, 
therefore, presents a unique signature for the sample in this study, which 
is relevant for nuclear forensic applications. 

Conclusion 
Based on the results of the investigation, isotopic concentrations of 232Th, 
238U, 235U and 234U for the respective mine sites differ significantly, thereby 
forming characteristic isotopic profiles of the samples. The isotopic 
ratios 206Pb/238U and 207Pb/235U show distinct variation across the mines 
and hence form part of the fingerprint. Other isotopic concentration 
ratios 238U/235U, 235U/234U, 235U/238U and 234U/238U were invariant for the 
respective mines. Perhaps, partly because concentrations of 235U and 
234U isotopes were determined from 238U and were not measured directly, 
ICP-MS is not precise enough to measure the small differences in the 
isotopic ratios, thereby yielding concentration values that produced 
no significant variations. However, their values are identical and 
comparable to global standards and other related works, thus providing 
supplementary isotopic profile information to characterise the materials. 

Using the isotopic ratios 206Pb/238U, 206Pb/238U and Pb-Pb isochron, 
ages of the samples were determined and showed significant variation 
for the mining sites under investigation. Sample age was, therefore, a 
unique isotopic profile for nuclear forensic application. The very good 
correlation observed between isotopic ratio 206Pb/238U and age shows the 
occurrence of fractionate directly related to vein-type granite mineralogy. 
Therefore, the samples studied can be identified by their 232Th, 238U, 235U 
and 234U isotopic concentrations and ratios 206Pb/238U, 207Pb/235U, as well 
as age. 
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